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ABSTRACT
The problem of producing a photorealistic rendering of a graphical model continues to be the focus of
considerable research effort in the computer graphics community. However, photorealism is not the only
possible criteria for judging the valueof an image. In this paperwe stepback from the physically–based
model that underlies many of the existing approaches to rendering, and instead consider the rendering
problem from a more fundamental view: how is graphical information processed by the user? Using
differencesinartistictraditionsasourinitialmotivation,weidentifytheneedforanapproachtorenderingthat
isbasedfundamentallyoncognitivetheory.Existingworkonnon–photorealisticrenderinghasstartedtotake
stepsthataddressthisneed,butusingamodelofcognitiveinformationprocessingweidentifyasignificant
researchproblem:thequestforaminimalrenderingprocess.
1991ComputingReviewsClassificationSystem: H.1.2,H.5.0,I.3.3,I.3.6,I.3.7,I.3.m,J.4,J.5
KeywordsandPhrases: computergraphics,non–photorealisticrendering,cognition
Note: AtCWI,theworkhasbeencarriedoutundertheINS3.1project,“InformationVisualisation”.The
onlineversionofthispapercontainsthereproductionsincolour.
1. Introduction
Thisisatypicalprogrammaticpaper:itprobablyraisesmoreproblemsthanitsolves.Itdescribestheauthors’long
termresearchvisioninanareawhich,intheirview,shouldgainalotofimportanceinfuture.Thedirectinspiration
forthislineofworkcamewhenoneoftheauthors(IH)visitedanexhibitiononJapaneseprintsinAmsterdambut,
indirectly,thevisittheauthorsmadetogethersomeyearsagointheoldimperialcityofKyotohadagreatinfluence,
too;thereaderwillsoonunderstandwhy.
ConsiderthepaintingsinFigure 1andFigure 2onthenextpage.ThefirstisareproductionofapaintingofJohan-
nesVermeer,oneoftheoutstandingDutchpaintersofthe17 th century.His“TheLittleStreet”isatypicalexample
ofDutch,butalsoofclassicalEuropeanpainting.Thesecondisadetailtakenfromalandscapepaintingbythe
JapaneseartistSenzuiByobu,datedtothe11 th century*.Whilethepaintingsbothconveyasimilarsubjectmatter
(abuildingwithinitscontext),theartistictechniquesthattheyusearequitedifferent,aswillbediscussedshortly.
Ifweconsiderthesepaintingsasformsofcommunication,thenanaturalconcernishowthedifferentstylesofrep-
resentationaffectthatcommunication.Itisnotthepurposeofthispapertoexploresuchissues,whichproperlylie
intheareaofarttheoryandvisualperception.Rather,wemakeasimpleobservation:computergraphics,which
todayplaysamajorroleinvisualcommunicationwithintheinformationsociety,hasconcentratedmuchonone
particularapproachtorenderinginformation,socalledphotorealisticrendering.
*
ThepaintingandtheoriginalJPEGreproductionarethepropertyoftheKyotoNationalMuseum,Japan.Thewebsiteofthe
Museum(http://www.kyohaku.go.jp/)containsotherexamplesoftraditionalChineseandJapanesepaintings.1
Vermeertriedtorepresent reality onthecanvas,withalltheintricateeffectsoflights,ofshadows,ofreflections,
etc.Suchminutedetailsasthetextureofthebrickwallsorthegarmentofpeoplearealsorepresentedwithgreat
care,althoughtheyarehardlynoticeabletothenakedeye *.Thisattemptforrealismhasbeenoneofthemainchar-
acteristicsofEuropeanpaintinguptothebeginningofthe20 thcentury.Someartists,likeDürerorLeonardoda
Vinci,andindeedVermeerhimself,too,conductedlifeexperimentstounderstandthepropagationoflight,human
vision,thenatureofshadow,etc. Indoingso,theybecameprecursorsofanearlyformofexperimentalmathe-
matics;forexample,modernprojectivegeometry,ortheruleofperspectivemappings,grewoutoftheseexperi-
mentation.
ThisEuropeanapproachtoartisinsharpcontrastwiththeartofChinaandJapan.Thecontrastbetweenthetwo
paintingsisstriking.Clearly,SenzuiByobu,asmosttraditionalChineseandJapanesepainters,didnottryto re-
produce nature.Hedidnotknowaboutthemathematicsofperspectiveviews.Thepictureconveysan impression
ofthelandscape;onlypartsofthecontours,ofthemainlinesofobjects(ofthehills,thetrees,etc.)arerepresented.
Thewholeofthepictureisremarkablyvoidofdetails.Nevertheless,the“message”,the“informationcontent”is
there,andtheundeniableaestheticbeautyofthispaintingisjustasappealingastheoneofVermeer’s.
Whyisthisinterestingforinformationscientists?Traditionalcomputergraphics,asitdevelopedinthepast15to
20years,maybeconsideredasadirectcontinuationoftraditionalEuropeanpainting,atleastupuntiltheendof
the19 thcentury:thegoalistoreproducenaturethroughimagesgeneratedbycomputergraphics(makinguse,by
theway,ofthedifferentprojectionsoriginallydevelopedbysomeofthoseartists!).Theidealis“photorealism”,
oritsgeneralisationintoconceptsof“virtualreality”or“virtualhumans”.Itisnotthegoalofthispapertocriticise
these linesofresearch,whicharestimulating,exciting,andfullofextremelydifficultandchallengingresearch
problems.However,oneshouldnotforgetanessentialissue.Asignificantgoalofcomputergraphicsis tohelpthe
humanobserver tounderstandinformationthroughpictorialmeans,  aspartofhuman–computer interaction.In
somecases(e.g.,avirtualwalk–throughofabuilding)photorealismhasaclearrole,butoneshouldrealisethat
thisisnotalwaysnecessarilythecase.TheexampleofChinese/Japanesepaintingshowsthatconveyinginforma-
tionaboutone’senvironmentcanalsobeachieved withoutastriveforphotorealism,judiciouslychoosinginstead
alevelofgraphicalinformationwhichisenoughtocommunicatetheintendedmessage.Inaddition,thiscanbe
donewithoutlosingtheexpressivenessandtheaestheticbeautyoftheimage.
*
Obviously,theJPEGreproductionofthepicturedoesnotgivebackallthedetailswell.Theoriginalpaintingistheproperty
oftheRijksmuseum,inAmsterdam,TheNetherlands;highqualityprintedcataloguesforVermeer’sartarealsoavailable,if
thereaderwishestoseeallthesedetails.
Figure1.Vermeer,“TheLittleStreet” Figure2.SenzuiByobu,“LanscapewithFig-
ures”(detail)2
UnderlyingChineseandJapaneseartisanaestheticofvisualsimplicity.Theobjectiveofthispaperistosetoutan
alternativemodel for rendering that incorporates thisaesthetic.Fora lackofabettername, the term“minimal
graphics”willbeusedthroughoutthispaperforthefollowingresearchgoal:basedonsomemodelofinformation
(whichmaybeeitheratraditionalgeometricmodelofafullsceneorsomethingdifferent)oneshould produceim-
ageswhichstrivefora  minimumlevelofcomplexityforatask ,whichshouldbeassimpleaspossible,butwhich
shouldconveytheintendedamountofinformationtoahumanobserver.Furthermore,(althoughthisisevenmore
difficulttodescribeinalgorithmicterms)thegeneratedimagesshouldbe“pleasing”tothehumaneye,shouldbe
thereforereadilyacceptedbyhumansasameansofcommunication.ThecontrastbetweentheEuropeanandthe
FarEasternschoolsinpaintingisaperfectillustrationofthedifferencesbetweenphotorealisticcomputergraphics
andthisnewapproach.
Onecouldalsocharacterisethegoaloftheresearchinminimalgraphicsinmore“artistic”,albeitmuchlessprecise
form:isitpossibletoreproducetheartisticstyleofFarEasternpaintingonacomputer? *
2. Motivations
Althoughresearchcouldbemotivatedbyasheerintellectualchallengeoraestheticrequirements,computergraph-
icshasalwaysbeendrivenbypracticalneeds,too.Hencethequestion:whydevelopminimalgraphicsatall?Why
isthisofanypracticalinterest?
Schumanetal.[23]havemadeaninterestingassessmentontheusageofsketchyfiguresinCADsystems.They
showthatarchitects,whentalkingtotheirclientsintheearlyphaseofadevelopmentproject,prefertousesketches
ratherthanphotorealisticimages.Sketcheshaveanaffectivequalitythatencouragesinteraction,astheyconveya
senseofonlypartialcommitmenttoadesign.Incontrast,aphotorealisticimagesuggestsimmutability.Thisex-
ampleis,webelieve,anillustrationofageneralprinciple—thatminimalimagesmaybebettersuitedforinterac-
tionthantheirphotorealisticcounterparts.
Anotherimportantarea,whereminimalgraphicsmaybecomeuseful,isapplicationswithnewinteractionmethods.
Itisnowwidelyrecognisedthatthecurrentmethodsofhuman–computerinteractionwillhavetoundergoradical
changesinthecomingyearsthroughtheintroductionofnewkindofinputandoutputdevices;suchchangesare
* Notethat,inthistext,theexampleofFarEasternpaintingisusedasacontrast;onecouldalsohavereferredtosomeschools
ofmodernEuropeanart(seeFigure 3),ortocartoonandcaricaturedrawings.Beyondissuesofpersonaltaste,areasonwhy
Chinese/Japanesepaintingsmightbeappropriatetodirectthedevelopers’thoughtsistheirancienttraditions,accumulated
throughoutthecenturies,theexperienceandphilosophicalbackgroundofthisart,whichmayhelpindevelopingnewmethods.
Figure3.JaneAvril(HenrideToulouse–Lautrec,1896)3
necessarytoachieveagreateracceptanceofcomputingbysociety.Atypicalexampleisprovidedbythehaptic
devices.Althoughthesedevices(e.g.,thePhantomhapticdevice)arestillexpensiveandclumsy,itisonlyamatter
ofafewyearswhentheywillbecomeeasilyaccessible.Computerusersmaythen“feel”thecontoursofobjects
ontheirfingertips,sotosay,whichwillbeofanenormousadvantagefor,e.g.,visuallyimpairedusers.Withits
much–reducedlevelofcomplexity,variantsofminimalgraphicsmightbemoreadaptedtorenderinghapticinfor-
mationthanalgorithmsderivedfromphotorealisticapproaches.Aswewilldiscussshortly,thefoundationsofmin-
imalgraphicsincognitivetheoriesmeanthatitcanbemorereadilyadaptedtohumanneeds.
Afurtherexampleofapracticalproblemthatmayjustifyaminimalapproachtographicsisthechallengesraised
bythewide–spreadusageoftheInternet.Animage,generatedthroughaphotorealisticimagegenerationprocess,
istypicallyverycomplex,withahighprobabilitythatadjacentpixelvalueswillbedifferent.Suchimagesdonot
compresswell,becausepracticallyallimagecompressionmakeuseofimagecoherence.Imagesgeneratedthrough
minimalgraphics,whichdonotnecessarilyreflectphysicallaws,mayhaveamuchhighercoherence,whichmeans
thattheywillcompressmuchmoreefficiently.SimilarchallengesarecreatedbytheusageofPDA–s,ofvarious
devicesforubiquitouscomputing,etc.
Finally,ithastobeemphasisedthatminimalgraphicsshouldnotberegardedasa“competitor”tophotorealistic
rendering.Onthecontrary,theresultsanticipatedinthispaperwillcontributetothelineofresearchwhichhas
recentlybecomeknownasperceptuallybasedrendering,e.g.,[16].
3. Non–photorealisticrendering:isitthesame?
Oneoftheinterestingdevelopmentincomputergraphicsinthelastyearsisnon–photorealisticrendering(NPR).
Theconcernsdescribedintheprevioussectionsareverysimilartothosewhichledtothedevelopmenttothisfield.
Thesetechniquesimitatenon–photographictechniques,suchaspaintingorpen–and–ink,tocreateimagesandil-
lustrations.Thevariousmethodsmaydiffergreatlyinvisualappearance,andtheyusuallyrelyonsomeartistic
techniqueorstyle. AnunderlyingassumptioninNPRisthatartistictechniquesdevelopedbyhumanartistshave
intrinsicmeritbasedontheevolutionarynatureofart;inthissense,thegoalssoundverysimilartothosewehave
developedforminimalgraphicssofar.
MostoftheworkinNPRareofarather“post–processing”nature,insofarastheyusetechniquestomodifyimages
(whetherscannedorsyntheticallygenerated)toachievepainting–likeeffects[5,18,19,21](seealsotheoverviewof
LansdownandSchofield[17]). WinkenbachandSalesin[28]alsodescribeamodifiedgraphicsoutputpipelineto
producepen–and–inkaswellasanumberofgeneralprinciples(drawnfromtheliterature,e.g.,[9])ontheusage
ofdifferentbrushesandstrokes. Hsuetal.[11,12],orStrothotteetal.[25]alsogiveanoverviewonthedifferent
stroketechniqueswhichexistintheliterature.Someofthesetechniquesrelyonphysicalmodels(e.g.,howinkis
absorbedbypaper),whereasothersrepresentmoreheuristicapproaches.Aninterestingalternativeistheimitation
ofwatercolourstrokes,asdescribedinCurtisetal.[5].
ResultsinNPRhavebeensignificantinthepastyears,leadingtoimpressiveresults.However,thecommonchar-
acteristicsofvirtuallyallNPRsystemsisthatthefinaleffectsareachievedwithaverystrongparticipationofthe
end–userandthattheyarebasedonatraditionalmodellertoextracttheimagetoberendered.Themainquestion
whichstillremainsis howtoautomaticallyextracttheminimalamountofinformationnecessaryforaparticular
task?Toquoteoneofthepapersonpen–and–inkdrawing[28]onwhattheycall“indicationproblem”:
Indicationisoneofthemostnotoriouslydifficulttechniquesforthepen–and–inkstudenttomas-
ter.Itrequiresputtingjustenoughdetailinjusttherightplaces,andalsofadingthedetailoutinto
theunornamentedpartsofthesurfaceinasubtleandunobtrusiveway.Clearly,apurelyauto-
matedmethodforartisticallyplacingindicationisachallengingresearchproject.
Usingthisterminology,thegoalof“minimalgraphics”mayalsobedescribedastodevelopan automatic  indica-
tion  technique,whichhastobecombinedwithNPR.Inthissense,minimalgraphicsisthelogicalcontinuationof,
andcomplementarytonon–photorealisticrendering.4
4. FundamentalsofMinimalGraphics
Theextractionofaminimalistinformationfromamodelseemstobe,atfirstglance,somesortofgeometrictask.
Onewouldtrytoextractanduse,forexample,geodesicorothercharacteristiccurves(see,forexample,theink
drawingsofElber[8],oreventheearlyexampleofSasada[22]),usesomesortofsilhouettedetectionalgorithm,or
specialformsofdithering.However,theseapproachesdonot“simplify”theimages,andtheresultmaylackthe
“symbolic”,abstractnaturethatminimalgraphicsisseekingtoachieve.Othertechniquescouldcomplementthis
approach,forexampletheuseofsomesortofsmooth(notnecessaryconvex)hullofthe3Dobjects,whichcould
beusedforthefinalimage.Wavelet–likeencodingcouldbeenvisaged;multiresolutionmethodsinmodellingob-
jectsmighthelpinextractingthe“sweep”ofacurveorasurface[24].Inthelongerterm,aminimalapproachto
graphicswillrequireareviewofthescenemodellingtechniquesinuse.
However,adaptingexistingtechniquesfromgraphicsisnotsufficient.Whentryingtoformulatetheissuesraised
byminimalgraphics,onesoonrealisesthat“abstract”or“minimal”arenotconceptsthatcanbedescribedinpurely
algorithmicterms.Rather,“minimal”meansthattheimageisrichenoughsothat thehumanmindwouldcomplete
theinformationthroughthecognitionprocess .Aclear(er)ideaofthecognitionprocessisthereforenecessaryin
ordertodecidewhat“minimal”reallyisinaspecificcontext.Intherelies,inourview,thegreatestchallengein
minimalgraphics.
Anumberofopticalillusionshavebeendescribedwhichexemplifyhowhumancognitioniscapableof“complet-
ing”animage.Figure 4,forexample,showstheso–calledKaniszatriangles:thethreewedgesintheblackcircles
createanillusionarywhitetriangle.Therearenumeroussuchillusionsin,e.g.,arecentbookofJ.Ninio[20]. *To
takeanotherexample,considertheimageoftheDuomoofMilan(Figure 5).Thefaçadeofthebuildinghasavery
complicated edge, consisting of a complex pattern of stone carving. Nevertheless, the human mind clearly
perceivesatriangularfaçade,by“smoothing”theedgesintheimage.Lookingatacloudinthesky,thecontours
ofafractalimage:theseareallexamplesofthesameeffect.Theeffectcanalsobeexperiencedinthetemporal
domain:awell–knownexampleisJohansson’sdancingfigures[13] †.Generalisingfromtheseexamples,itseems
thatthehumancognitiveprocessissomehowabletofillinsome“emptiness”(the“triangle”inthemiddleofthe
Kaniszafigure,theemptyspaceattheedgeoftheDuomo).Thisdualitybetween“empty”vs.“full”seemstoplay
*
J.Ninioalsoemphasisestheextremelyimportantroleplayedbyourculturalheritageinperceivingvarious“illusions”.Sim-
ilarly,thebasicprinciplesunderlyingphotorealisticgraphics,likeperspectiveview,shouldbynomeansbeconsideredblindly
asinherenttohumancognitioninallofitsdetails;muchofitmaybedeterminedbyourowneducationandculturalandedu-
cationalbackground…(seealso[10]).
†
Peoplewithlightsontheirjointsarefilmedmovinginthedark.Ifthefilmisviewedframebyframeoneseesnonsense—
juststaticdots.Seeingthefilmattherightspeed,oneclearlyseespeoplemovingaround.
Figure4.TheKaniszatriangle Figure5.TheDuomoofMilan5
anessentialroleinthewayhumansperceivetheirenvironment.ThisiswhysketchimagescanshowtheDuomo
ofMilanasasimpletrianglewithsomeadditionalornaments:minimalgraphicsshouldbeabletogeneratesimilar
sketchyimagesautomatically.Whileageometricmodelwillbeanecessaryinputtothisprocess,itmaynotbe
sufficient;oneoftheresearchquestionsposedbyminimalgraphicsiswhatadditionalinformationordatamight
benecessaryorhelpfulwithintherenderingprocess.Althoughthereisnosimple,completemodelthataccounts
forallaspectsofvisualillusionintermsofcognitiveprocesses,therearetheoriesthatexplainsignificantaspects
oftheproblematparticularlevelsofoperationaldetail,forexamplefromneurologicalpropertiesofthepre–cog-
nitivephase,throughtocognitiveeffectsgroundedintheinterplaybetweentop–downandbottom–upprocessing.
Itisnotthegoalofminimalgraphicstoproducenewcognitivetheories,butrathertodrawontheexistingknowl-
edgeofhowsuchprocessescontributetoourunderstandingandinterpretationofimages.
Itisobviouslynotpossibletogiveacompleteoverviewhereforallthevarioustheorieswhichdescribehuman
perceptionandcognition.Wecan,however,pointtoanumberofcognitive,and“processoriented”approachesthat
havealreadyfounduse inthecontextofrendering.Strothotte[25],forexample,givesadescriptionofWeiden-
mann’sschemeforpictureunderstanding[27](seealsoFigure 6),basedontheconceptofmentalmodels,i.e.,the
particularrepresentationofthecontextforeveryperson.Oneimportantconclusionisthat“…thementalmodels
ofnovicesandexpertsofthesameevent,forinstance,areverydifferentfromoneanother”[25],whichseemsto
indicatethat,inordertobeeffective,aminimalgraphicssystemshouldbeconfigurabletotheviewer.ICS[1,2,7]
(seealsoFigure 7)isanothermodelforcognition ,whichhasbeenusedsuccessfullyinclinicaldomains,aswellas
fortheoreticalwork.Aseparatesection(seeSection5below)containsanexampleofthekindofanalysisICSal-
lowsustodoinordertocharacterisethevariouscognitivemechanismsrelatedtominimalgraphics.
Webelievethatthereisanimportantanalogybetweenthefoundationsofphotorealisticgraphicsandthoseofmin-
imalgraphics.Theprinciplesofphotorealisticgraphicsrestonanapproximationofphysicalrealitythatiselegantly
capturedbyKajiya’swellknownrenderingequation[14].Incontrast,minimalgraphicsdoesnot(necessarily)seek
toreproducephysicalaspectsofreality,andrequiresinsteadamodelofcognitiveinformationprocessing.Kajiya’s
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Figure6.PhasesofpictureunderstandinginWeidenmann’smodel[27](seealsoStrothotte[25])6
equationisnotinitselfanalgorithmforrenderingimages,butratherprovidesthetheoreticalfoundationforfami-
liesofapproaches(raytracing,radiosity)thatimplementparticularaspectsofphotorealism.Similarly,wedonot
expectorrequirethatthecognitivetheoryunderpinningminimalgraphicswillprovideanexplicitapproachtoren-
dering.Rather,webelievethatsuchatheorywillprovidethebasisfordefininganumberofnewrenderingtech-
niquesthatachieveaminimalapproach.
Researchinminimalgraphicshasaninterdisciplinarybonus.Whilephotorealisticgraphicshasdrawnontheories
developedwithinphysics,ithasnot(tothebestofourknowledge)promotednewdevelopmentswithinphysics.In
contrast,thefactthatcomputergraphicsisabletosystematicallygeneratedynamicrepresentationsalsoprovides
auniqueopportunitytofeedbackintothedevelopmentofnewcognitiontheory.Suchresearchwillcombinethe
growingawarenessoftheimportanceofdynamicaspectsofvisualperceptionwithnoveltechniquesforcomputing
anddisplayinggraphicalrepresentations.
5. MinimalGraphicsandICS
Thissectionisanexampleofhowaparticularmodelofcognitioncanhelpustoformulateandunderstandsome
aspectsoftheminimalgraphicsproblem.Itexemplifiesthetypeofresearchwhichhastobepursued.
Akeypointintheideaofminimalgraphicsisthatinareasonablenumberofsituations,a“minimal”imageisas
goodas,ifnotbetterthan,oneproducedby“photorealistic”modelling.Whyshouldthisbe?Implicitintheargu-
mentisanotionthatsomehowahumanobserverwillbeabletoextractparticularinformationfromagivenimage.
Whatminimalgraphicsrequiresisthatsomenotionofinformationcontent,andtheprocessbywhichinformation
isextracted,beaddressedexplicitlyinthetheoryonwhicharenderingtechniqueisfounded.
Itisnotthepurposeofthispapertoreviewthestateofcognitivetheory.Wecan,however,saythattheoriesof
cognitionfallintotwobroadgroups.Microtheoryisconcernedwiththeexplanationofphenomenonwithinsome
restrictedscope;forexample,theoriesofvisionfallintothisgroup.Macrotheory,ontheotherhand,attemptsto
provideaframeworkinwhichtheoperationofdifferentmicro–theoriescanbesituatedandorganised.Inthissec-
tionwedemonstratehowoneparticular approach tomacro–theory,namely InteractingCognitiveSusbsystems
(ICS),mightprovidethekindoffoundationthatweareseekingforminimalgraphics.ICShasalreadybeenused
inthecontextofHCIandcomputergraphicstoexploretheusabilityofgesturalinteraction[6]andmultimodaltech-
niques[7].
TheICSmodelconsistsofacognitivearchitectureandacollectionofprinciplesthatgovernandconstraintheop-
erationofthatarchitectureforinformationprocessing.Thearchitectureconsistsofninedistinctcognitivesubsys-
tems,fourofwhichplayaroleinhumanunderstandingofimages.Twoindependentandqualitativelydifferent
pathswithinthesystemareinvolvedinthetransportandprocessingofvisuallyderivedinformation.Theseareil-
lustratedinFigure 7.
Thefirstpathbeginswiththe vis–obj transformationthatmapsvisualcharacteristics,suchastexture,colour,hue,
shading,etc.,intoarepresentationthatconcernsshapesandpositionwithinspace.Thiscanbeseenasthetrans-
formationthatisofprimaryinterestwithinimageanalysis,i.e.,extractingobjectsfromarawimage.Nextinthe
pipelinecomes obj–prop,whichmapsspatialobjectsandinformationintopropositionalinformation,i.e.,knowl-
edgeaboutwhatisintheimage.Iftheresultsof vis–objcouldbeunderstoodintermslike“thereisasquare–ish
shapeorientedparalleltotheground,withatriangularshapeontopofit”,thentheproductof obj–prop mightbe
“thereisahouseoverthere”.Thefinalstepwhichwewillconcernourselveswithhereisthe prop–implictransfor-
mation,thatproducesahigher–levelrepresentationencompassingaffectandemotion,forexample,perhapsafeel-
ingofsecurityoffamiliarityifthebuildingthathasbeenrecognisedistheviewer’shome.
However,thepathfromvisto implic via objand propisnottheonlyroutetakenbyvisuallyderivedinformation.
Thevisualsystemalsocontainsatransformationdirectlyintoimplicationalspace, vis–implic.Thisoperatesinpar-
allelwiththepathto implic via obj and prop.Certainaspectsofthevisualfieldgiverisetoimplicationalresponses:
sharpobjectsorshapesmayconnotethreatsorhazards;softer,roundedshapesmayconveyasenseofsafetyor
harmlessness.Facialexpressionsinparticulararequiterichinfeaturesthathaveimplicationalmeaning.7
Inadditiontothetwo‘bottom–up’pathsthattakevisualinformationtoimplicationalmeaning,therearealsothe
two‘top–down’transformations, implic–propand prop–obj,thatcaninteracttoconstructanobject–levelrepresen-
tationfrommeaningorunderstanding.InFigure 7,theflowsthroughthesetransformationsareshowninlightgrey.
Throughaprocesscalledblending,top–downmodelscanre–enforceorinterferewithmodelsofthevisualorob-
ject–levelscenebeingconstructedattheobjectorpropositionalsystem.AclassicexamplehereistheNeckercube,
whichhastwoobject–levelinterpretations[2].
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Figure7.TheICSmodel,andflowssupportingvisualinformationprocessing.
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WenowillustratetherolethatamodelsuchasICSmightplayinthedevelopmentofminimalgraphicsbyworking
backwardsfromthecognitivearchitecturetoyieldsomeinsightintothestructureandfunctionalityofaminimal
renderer.IfweelidethedetailsoftherepresentationinFigure 7thatareirrelevantforvisualinformationprocess-
ing,andsimplifysomeoftheelementsthatremain,weareleftwiththemodelshowninFigure 8.Thisisarepre-
sentationofthehumanimageanalysisprocess.Computergraphicsisaboutimagesynthesis,producinganimage
whichwehopethattheuserwillinterpretinaparticularway;itisthusaninversetotheanalysisprocess.Wecan
startbytakingthesimplestapproachestographics,inwhichwerenderapurelygeometricmodel.Thiscanbevis-
ualisedastheprocessshowninFigure 9.
Theflowofinformationbetweentransformationprocessesisgovernedbyanumberofprinciples.Allprocesses
areoperatinginparallel,andasmorethanoneprocesscanproduceagivenkindofoutputrepresentation,eachsys-
temisactuallyreceivingmultiplestreamsofinputdata.Forexample,the obj systemreceivesrepresentationsfrom
the vis–objprocesscorrespondingtoperceptualinput,aswellasrepresentationsfrom prop–obj,representingtop–
down“mentalimagery”.Whileatransformationmayattimesoperateonastreamofrepresentationsderivedfrom
asinglesource(e.g.,themindfocusingonwhatisbeingviewed),moregenerallythedifferentstreamsofdataar-
rivingatasubsystemcanbecombined(blended)toproduceacompositerepresentation.Agoodexampleofthis
iswhereanexistingmentalmodelofwhatauserexpectstoseeisintegratedwithaconsistentmodelofanimage
thattheuserisactivelyviewing.LikeKajiya’sequation,themodeldescribedisanapproximationofreality.In
practice,theresultofatransformationmayforexampledependonthestrengthtowhichdifferentinput–output
mappingshavebeenlearnedovertime,oronqualitativepropertiesofthedatathemselves,forexamplestability
andjitter.However,asthespaceofinputstotransformationsisricherthanwecandescribeatthemoment,wecan
simplyassumethatthereissomepropertyoftheproductofincomingdatarepresentationsthatdeterminesthere-
sult,sothetransformationcanbeconsideredafunction.Whatisofmoreinterestisthattheinversemapping,e.g.,
fromobjecttovisualspace,isarelation:morethanonevisualrepresentationmaybegeneratedfromagivenob-
ject–levelmodel.Soforanygivenoutcome,i.e.,anobject–levelmodel,thereisasetofvisualmodelsthatcould
generateit.Forexample,aphotographofahouseandapaintingofthehousemayhavesignificantvisualdiffer-
ences,yetstillbeunderstoodasdenotingthesamestructure.Minimalistgraphicsisaboutmappinggeometricmod-
elsintopartsofvisualspacethatarenotutilisedbyphotorealisticapproaches.Therearefurtherconsequencesof
thinkingaboutthenatureofinversetransformations,whichwewillcometolaterinthissection.
InthemodelofFigure 9,allinformationprocessedbythehumanvisualsystemisderivedfromthegeometricmod-
el.Thisincludesanyimplicationally–deriveddata.Forexample,cartoonistshaveforalongtimeusedthe“sharp/
threat,round/friend”paradigmindrawingtheircharacters:thosewithwhomtheviewershouldempathiseareoften
drawingwithexaggerated,almostchild–like,curves,while“villains”aretypicallygivesharpfeatures,particularly
ontheface(e.g.,eyesandmouth).Essentially,informationaboutintended affectisbeinghard–wiredintothege-
ometryofthemodelsordrawings.However,recentworkinhumananimation,particularlyonfacialexpressions,
hasmovedtowardsseparatingoutthebasicgeometryfromtheproblemofconfiguringthegeometrytocapture
expressionsofmood,emotionetc.Thiscanbeviewedasafirststeptowardsseparating,ontherenderingside,the
modelsthatgeneratethoseaspectsofthedisplaythatarehandledbytheobjectandtheimplicationallevelsofthe
humanside.ThisseparationisillustratedinFigure 10Inpractice,theprocessoperatingonthetwosourcesofdata
(sceneandaffect)isprobablythesame;thetwotransformationsymbolsshouldbeunderstoodastwoconcerns,
ratherthannecessarilyindependentprocesses.
Existingapproaches tonon–photorealistic renderingcanbedescribed in termsof thismodel.Forexample, the
workofStrothotteetal.[25]onsketchrenderingiscontrollingthedrawingoflinestogiveanimagethathascertain
affordances,forexample,ithasasofter,more“pliable”looktoitthanacomparatively“hard”imageproducedby
standardilluminationandshadingmodels.Otherapproachestonon–photorealisticrendering,describedinSection
3,concentratealsoonmodifyingdrawingattributesorshadingmodels,andfitintothisframework.
Onthehumanside,implicationalandobjectleveldataisbeingextractedfromanimage.Tosynthesisesuchan
image, it is probablynecessary to inter–relate attributeswhich influence affectwith thegeometric structure to
whichthataffectshouldberelated.Intheapproachesmentionedabove,theseparationofaffectiveandstructural
informationismade apriori ,codedintotherenderingalgorithm.However,itisnotjusttheobject–levelrepresen-
tationonthehumansidethatweareconstructing.Supposethatwewanttocommunicatecertaininformationtothe
userviaanimage,inotherwordssomeformofpropositionalunderstandingaboutthemodelfromwhichtheimage9
.wasgenerated.Thepropositionalsystemobtainsdatafromboththeobjectandimplicationalsystems,sooneissue
thatshouldbeaddressedincarryingoutnon–photorealisticrendering(oranyrendering,forthatmatter)istherole
of both ofthesechannelsintheprocessofunderstandingtheimage.Onthesideofsynthesis,theproblemcanbe
restatedas:“Givenamodelaboutwhichwewanttoconveyinformationtotheuser,howcanwecontroltheuseof
renderingtechniquestofindanappropriateoreffectivewayofconveyingthenecessaryinformation?” *Amodel
ofthisprocessisshowninFigure 11.Informationinthemodelisusedtodeterminehowtotrade–offandintegrate
structural information from thatwhichmaygive rise toparticular implicational responses,and/or todetermine
whichofapossiblerangeofimagesshouldbegenerated.
Oneaspectoftheright–hand(human)sidethatisstillmissingfromthelefthandsidefigures(therenderingside)
isthebottom–uplinksfrom(inourcase)thesceneandaffectivemodeltotheoriginalmodel.Onthehumanside,
theprocessofinterpretingvisualinformationinvolvesinteractionbetweenthecognitiveprocessesandlevelsof
representationconcerned.Theactofinterpretinganimagemayinvolvegeneratingbottom–upplausibleinterpre-
tationsandmodifyingorrefiningthesetoaccommodatethedatabeingproducedfromhigher–levelsubsystems.In
principle,thedualprocessof generatingasuitableimagecouldinvolveiterationorconvergencetowardsapartic-
ularmodel;asystemmightforexampleattempttocombineapossiblestructuralandaffectivemodelandcompare
theproductagainstthemodelthatit isattemptingtorender.Suchacyclicapproachtoimagegenerationwould
complete,atleastconceptually,thesymmetryoftheroles.
Inthecaseofhumanprocessingofvisualinformation,theinterplaybetweentop–downandbottom–upprocessing
isimportantfortworeasons.Thefirstisinresolvingambiguitiesoruncertaintiesinmentalrepresentations.The
secondisinutilisingtheexperienceandknowledgeoftheuserinforminganinterpretationofanimage.Forex-
ample,atechnicaldiagrammayhavegraphicalelementsorcomponentsthatonlyhavemeaninginparticulardo-
mains. Someone looking at such a diagramwithout knowledge of that domain is not going to form the same
propositionalrepresentationsoftheimagethansomeonewiththatknowledge.Similarly,astheimagegenerated
byarenderermovesfromthe“photorealistic”endofourhypotheticalordering,towards thenon–photorealistic
end,wewouldexpectthattherewillcomeapointwherewestarttorelyonauser’stop–downprocessingability
* Giventhisanalysis,minimalgraphicscouldalsobereferredtoas“affectivegraphics”…
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toextractdetailfromtheimage,or“fillintheblanks”.Asimpleillustrationofsimilar“Gestalt”principlesincog-
nitivepsychologyinvolvesshowingavieweranapparentlyrandomcollectionofdots.However,someofthedots
actuallyformtherenderingofadog.Whentheuserbecomesawareofthis,itispossibleto“see”thedoginthe
image[2].Thedotscouldbesaidtobeanon–photorealisticrenderingofadog,butpresumably,atthispoint,the
imageisoflittleuseasatoolforinformationexchange.Sosomecareisneededindecidingjusthowmuchdetail
canbeelidedfromanimageiftheinterpretationofthepictureistomatchthatwhichisintended,atleasttosome
requiredlevelofcertainty.
Inthissectionwehavetriedtoshowhownon–photorealisticrenderingandminimalgraphicscouldberelatedto
thecognitiveprocessesandresourcesthathumansdeployininterpretingimages.Byviewingthestructureofaren-
derer inawaythatisdual tothesecognitiveresources, itseemstobepossible tounderstandwhatexistingap-
proachestonon–photorealisticmodelsareaimingtodo,andwherethereisroomforsignificantnewwork.The
analysisalsobeginstorevealthenecessityofbasingminimalgraphicsoncognitivetheory,andhowtheroleof
suchtheorybecomesanalogoustothatofphysicalmodelsforphotorealisticrendering.
6. Conclusions
Thecontributionofthispaperissimpletostate:wehavearguedthattheconventionalviewofrendering,soele-
gantlycapturedinKajiya’sequation,isbutonepartofamuchbroaderenterpriseofgraphics–basedcommunica-
tioninwhichthereisaneedtoconsiderfundamentallydifferentapproachestotherenderingproblem.Tomake
progressonthisenterprise,itisnecessarytounderstand,andinsomecasesdiscover,cognitivetheoriesthatexplain
howgraphicalinformationisprocessedandunderstoodbyhumans.Whatisnotsimpletostate,ofcourse,ishow
thisnewviewoftherenderingproblemcanbeaddressed.However,byworkingwithamodelofhumaninforma-
tionprocessing,wehaveatleastbeenabletoshowwheresomeexistingapproachestonon–photorealisticrender-
ing fit into thisproblem, andconsequently tohighlightdirections for furtherwork.Whilewehave focusedon
comparisonswithnon–photorealisticrendering,thereare,ofcourse,otherlinesofworkwhichdealwiththeissues
ofgeneratingeffectivepresentations,theseincludeworkonvisualcommunication[26]and,fromanAIperspec-
tive,onpresentationplanning[3].Thecontributionoftheseareastominimalgraphicsisstilltobeexplored.
WestartedthepaperbyshowingtheinspirationChineseandJapanesepaintingmayhaveonminimalgraphics;let
usclosewithanotheraspectofFarEasternartwhichreferstothetopicsdiscussedsofar.Thedualityof“empti-
ness”andrealcontentisacentralprincipleoftraditionalChineseandJapanesepainting,andofBuddhistandTaoist
philosophyingeneral[4].ThetraditionsbehindtheChinese/Japanesepaintingschoolsmaybecomeveryhelpful
inunderstandingsomerelevantaspectsofhumancognition,too:muchlikeinotherareas,FarEasternphilosophy
mayhaveaccumulatedexperienceswhichWesternsciencecannotfullyexplainyet.ReferringtotheTaoisttradi-
tionsofJapaneseart,KakuzoOkakura,oneofthefirstJapanesescholarsattemptingtopresentJapanesearttothe
Westernpublic,writesinhisfamous“BookofTea”[15]:
[Laotse]claimedthatonlyinvacuumlaythetrulyessential.Therealityofaroom,forinstance,
wastobefoundinthevacantspaceenclosedbytheroofandthewalls,notintheroofandwalls
themselves.Theusefulnessofawaterpitcherdweltintheemptinesswherewatermightbeput,
notintheformofthepitcherorthematerialofwhichitwasmade.Vacuumisallpotentbecause
allcontaining.Invacuumalonemotionbecomespossible.Onewhocouldmakeofhimselfavac-
uumintowhichothersmightfreelyenterwouldbecomemasterofallsituations.Thewholecan
alwaysdominatethepart.
TheseTaoists'ideashavegreatlyinfluencedallourtheoriesofaction,eventothoseoffencing
andwrestling.Jiu–jitsu,theJapaneseartofself–defence,owesitsnametoapassageintheTao–
teking.Injiu–jitsuoneseekstodrawoutandexhausttheenemy’sstrengthbynon–resistance,
vacuum,whileconservingone’sownstrengthforvictoryinthefinalstruggle.Inart,theimpor-
tanceofthesameprincipleisillustratedbythevalueofsuggestion.Inleavingsomethingunsaid
thebeholderisgivenachancetocompletetheideaandthusagreatmasterpieceirresistiblyrivets
yourattentionuntilyouseemtobecomeactuallyapartofit.Avacuumisthereforyoutoenter
andfillupthefullmeasureofyouraestheticemotion.11
ThisquoteseemstobeaperfectexampleonhowFarEasternart,tradition,andphilosophymayhelpinunderstand-
ingsomeissuesofcognitiveproblemsrelatedtominimalgraphics.
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